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U C A G 3rd

U
Phe Ser Tyr Cys C
Leu Ser Stop Trp G

C
Leu Pro His Arg C
Leu Pro Gln Arg G

A
Ile Thr Asn Ser C

Met Thr Lys Arg G

C
Val Ala Asp Gly C
Val Ala Glu Gly G

1-letter 
code

3-letter 
code

No of codons coding 
for the AA

AA Repeats
A Ala 2
R Arg 3
N Asn 1
D Asp 1
C Cys 1
Q Gln 1
E Glu 1
G Gly 2
H His 1
I Ile 1
L Leu 3
K Lys 1
M Met 1
F Phe 1
P Pro 2
S Ser 3
T Thr 2
W Trp 1
Y Tyr 1
V Val 2

Table 1.  All possible codons which could be generated by the experimental protocol  (AA = Amino 
Acid).



Fully Functional Mutants Partially functional

Leu Val Met Val Phe Leu Leu Leu Val Met Val Phe Leu Leu

18 36 40 47 51 57 56 18 36 40 47 51 57 65

Wild L V M V F L L L V M V F L L

1-AA L I M V F L L 2-AA A V M V F M L

L V L V F L L L A M I F L L

L V M I F L L L A M L F L L

L V M V L L L L C L V F L L

L V M V M I L L I M T F L L

L V M V F M L L I V V F L L

L V M V F L F L L I V F L L

L V M V F L M L L L V F L L

L V M V F L V L L V V F L L

2-AA L I M V L L L L M M I F L L

L M M V I L L L M M L F L L

L V L I F L L L T L V F L L

L L M I F L L L T M I F L L

L V M L L L L L V A I F L L

L V M T L L L L V C I F L L

3-AA A L M V L L L L V C M F L L

I L M V L L L L V I C F L L

L A M L L L L L V I I F L L

L I C I F L L L V L A F L L

L I L I F L L L V L T F L L

L L M I L L L L V V I F L L

L L M L L L L V V M V F F L

L M M I M L L V V M V F I L

L T M L L L L V V M V F L F

V V M I L L L 3-AA A V M V F M I

V V M L L L L L A M F L L L

4-AA I L M L L L L L C L I F L L

V T M I L L L L C M M L L L

V M M I L L L L C M F V L L

L I A I F L L

Partially Functional L I V L F L L

1-AA A V M V F L L L L L I F L L

C V M V F L L L L L L F L L

M V M V F L L L L M I V L L

V V M V F L L L L M L V L L

I V M V F L L L L V I F L L

L A M V F L L L M L I F L L

L C M V F L L L M M T L L L

L L M V F L L M L M V L L L

L T M V F L L M V M I L L L

L V V V F L L V V M L I L L

L V A V F L L 4-AA C L M I L L L

L V M T F L L M I M I L L L

L V M V I L L V C M L L L L

L V M V V L L V L M L L L L

L V M V C L L

L V M V F P L

L V M V F V L

L V M V F C L

L V M V F F L

L V M V F L A

L V M V F L C

L V M V F L S

L V M V F L T

Table 2.  Functional alternatives within a 7-residue portion of lambda-repressor protein.  Number of amino acid (AA) differences 
from the wild type sequence.  Mutants are shown in grey shade.
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Experiment No. 1 2 3
No of amino acids varied 3 4 3

No. of alternative sequences possible 80,000 160,000 8,000
No. of mutants generated 20,000 40,000 15,000

No. of mutants which survived 266 92 36
Mutants sequenced 102 30 35

Extrapolated active + fully functional sequences 1.7% 0.6% 0.4%

Table 3. Overview of results reported.

1-AA Mutants
Leu-18 Leu-57 Leu-35

A I F
C M M
M P V
V V A
I C C

F S
T

2-AA Mutants
Leu-18 & 
Leu-57

Leu-13 & 
Leu-65

Leu 57 & 
Leu 65

AM VF
VF
VI

3-AA Mutants
Leu-18 & 
Leu-57 & 
Leu 65

AMI

Table 4.  All acceptable alternatives found (Abstracted from 
Table 3).



Residue distance
from wild type

Leu-18 Leu-57 Leu-65

0 L   L L

1 A   L L
L  M L

2 A  M L

3 A M I

Figure 2. Feasible evolutionary paths for Experiment 3.17  Alternatives 
were identiýed as being at least partially functional in a laboratory 
setting.

Figure 1.  Average number of random trials needed to generate unique sets of 
three codons.17  15,000 trials generate about 12,035 different sets; 326,843 trials 
would be needed to generate all (32) possibilities.



Table 5.  Partitioning of possible mutants in categories according to number of codons available per amino acid at the three residue positions 
in Experiment 3.17

Coding Pattern[1]

No. of codon sequences 
in the pattern [2]

No. of amino acid sequences 
in the pattern

Calculation No. Calculation [6] No.
{3;3;3} 1x[(9)3] 729 1x[(3)3] 27
{3;3;2}  3x[(92)(10)] 810 3x[(3)2(5)] 135
{3;3;1} 3x[(92)(12)] 972 3x[(3)2(12)] 324
{3;2;2} 3x[(92)(10)2] 900 3x[(3)(5)2] 225
{3;2;1} 6x[(9)(10)(12)] 1080 6x[(3)(5)(12)] 1080
{2;2;2} 1x[(10)3] 1000 1x[(5)3] 125
{2;2;1} 3x[(10)2(12)] 1200 3x[(5)2(12)] 900
{3;1;1} 3x[(9)(12)2] 1296 3x[(3)(12)2] 1296
{2;1;1} 3x[(10)(12)2] 1440 3x[(5)(12)2] 2160
{1;1;1} 1x[(12)3] 1728 1x[(12)3] 1728

w/o Stop 29791 [3]

Stop (32)3-(31)3= 2977 [4]

Total:[5] 32768 Total: 8000 [7]



Table 6.  Number of codons able to generate mutant proteins differing by 0 to 3 amino acids (AA) from the wild type sequence.

No. of AA differences 
from wild type[1]

Max. No. of different Unique AA 
per unique 

codon[3]

Calc. No. different 
AA

generated[4]

Functional mutants
codons AA[2] Reported Extrapolated[5]

0  27 [6]  1  0.037037  1 [13]  0  1 [13]

1  756 [7]  57  0.075397  20.9  18  49
2  7,056 [8]  1083  0.153486  397.8  4  11
3  21,952 [9]  6859  0.312454  2519.4  1  3

Stop  2,977 [10]  1261 [11]  0.423581  470.2
Total  32,768 [12]  Total:  1.00  3408.3
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Table 7. Number of mutant amino acid (AA) sequences predicted by context independence and those experimentally found. Results from 
Experiment 3.

Differences 
from wild 

type[1]

Sequences 
possible

Experiment results Assuming contact 
independence

Functional 
sequences[2]

Proportion 
functional[3] Number Proportion[4]

0 AA  1
1 AA  57 [5] 18 3.16 x 10-01  18 [8] 3.16 x 10-01

2 AA  1083 [6] 4 3.69 x 10-03  107 [9] 9.88 x 10-02

3 AA  6859 [7] 1 1.50 x 10-04  210 [10] 3.06 x 10-02

Sum:  8000 [11]
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Table 8.  All acceptable alternative found from Experiment 1.17  V=Val; M=Met;
Number of Amino Acid (AA) differences from wild type sequence.

1-AA 2-AA 3-AA
V-36 M-40 V-47 V-36

M-40
V-36
V-47

M-40
V-47

V-36
M-40
V-47

I L I CL LI LI ICI
A V T IV IT AI ILI
C A LI MI AL CLI
L LL ML AI IAI
T LV TI CI IVL

TL CM LLI
IC LLL
II LVI

LA MLI
LT
VI



Total sets of codon possibilities, n 
Average number of 
trials, y, needed to 
produce j unique 
codons

1 2 3 é n

y1 X
y2 X X
y3 X X X
y4 X X X
é
yj X X X é X

Figure 3.  Number of random trials needed to generate j distinct 
codon sets.

1. Ubiquitin protein consists of 76 amino acids.  It is part of a process to 
degrade proteins which are misfolded or contain abnormal amino acids, 
in a proteasome (which consists of a large number of different proteins).  
Additionally, three enzymes are necessary to attach ubiquitin molecules 
to a lysine side chain of the protein to be broken down (Lodish et al., Ref. 
3, pp. 67, 504; Alberts et al., Ref. 4, p. 219).  Yeast and human ubiquitin 
differ at only 3 of 76 residues (Alberts et al., Ref. 4, p. 942).




